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Abstract
Elastic scattering between xenon ions and xenon atoms can produce ion currents at large
angles with respect to the axis of electrostatic thrusters. Differential scattering cross sections
are needed to properly predict off-axis currents that can cause significant material erosion due
to sputtering. Guided-ion beam differential cross section measurements are presented for
Xe' + Xe and Xe 2+ + Xe elastic scattering at laboratory ion energies between 5 and 40 eV per
ion charge. For the singly charged system, the experimental absolute differential cross sections
are in excellent agreement with classical elastic scattering calculations based on the most
recent ab initio ion-atom interaction potentials. The measurements for the doubly charged
system are used to derive an approximate effective Xe 2+-Xe interaction potential. The
potentials are used to calculate absolute differential cross sections for both ion charge states at
a typical Hall thruster ion energy of 270 eV per unit charge. The differential cross sections for
the doubly charged ions are approximately a factor of 3 smaller than those of the singly
charged system at large scattering angles. The importance of doubly charged ions with respect
to material erosion is discussed on the basis of known sputtering yields as a function of ion
energy for molybdenum and boron nitride. It is concluded that at typical charge-state ratios,
doubly charged ions only have an impact at elastic scattering angles where the scattered ion
energy in the laboratory (thruster) frame of reference is low and the sputtering yields depend
very strongly on ion kinetic energy.

1. Introduction ion currents to minimize detrimental effects due to ion-surface
impingement. Critical parameters for correct quantification of

In electrostatic thrusters [1, 2], such as Hall effect thrusters these currents are ion differential scattering cross sections.
(HETs) [3, 4] and ion thrusters [5, 6], a gaseous propellant, In the case of Xe-propelled electrostatic thrusters, angular
preferably Xe, is efficiently ionized in a discharge and ions are scattering cross sections, i.e. differential cross sections, have
accelerated to high energies by acceleration voltages between been calculated for the Xe' + Xe collision system using
0.2 and 2 kV. The accelerated ions are scattered in collisions available ab initio potentials and neglecting effects due to
with residual neutrals. Large-angle scattered ions contribute inelastic scattering [7-9]. Approximately 10% of xenon ions
to a number of problems, including insulator erosion in the in an electrostatic thruster plasma are doubly charged [101. If
discharge channel of Hall thrusters, grid erosion in ion thrusters differential scattering cross sections for Xe2 are comparable to
and sputtering of sensitive surfaces of the host spacecraft those of the singly charged ion, doubly charged ions may play
[7-9]. Proper integration of electrostatic thrusters requires a significant role in surface erosion since they are associated
accurate modelling of the expanding plasma and associated with higher sputtering yields due to kinetic energies that are

4 Current address: Spectral Sciences, Inc., 4 Fourth Avenue, Burlington, twice those of Xe' ions. No potentials are available for the
MA 01803, USA. more complicated Xe 2+ + Xe collision system, and thus no
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elastic differential cross sections have been calculated to date. X0.1X04 Coffls /
The measurement of absolute ion scattering differential Ion Beam ol

cross sections presents significant experimental challenges. To
date, experimental scattering experiments of rare gas ions in
their parent gases have consisted of crossed beam experiments
that concentrated on small scattering angles, where structure octwok I ow"k2
due to quantum interferences is observed [11]. Crossed beam Ion
experiments have high energy and angular resolution but lose Ddmdor
sensitivity at large angles and more importantly, they do not Figure 1. Schematic representation of the ion-atom collision and
yield absolute cross sections due to the difficulty in determining detection region of the guided-ion beam (GIB) scattering
absolute target gas densities. experiment.

In this paper, we report measurements of absolute
differential cross sections for large-angle scattering of Xe'
and Xe2

' by Xe atoms using the guided-ion beam time-of- full width at half maximum energy spread and is acceleratedfligt (IB.TOF tecniqe dvelpedby TloyandGerich into a Wien velocity filter for mass/charge selection, and thenflight (G IB-TO F) technique developed by Teloy and G erlich ij c e n oa o ud y t m c ni t n ft or c o o e
[12, 13]. In this experiment, the scattering occurs within a injected into an ion guide system consisting of two rfoctopoles
cylindrical ion trap or ion guide, where the trap axis coincides in tandem. Figure 1 shows the schematic of the ion guide
with the beam axis, and all scattered ions are collected provided configuration used. The first octopole guides the ion beam
the guiding field is sufficient to collect ions with the highest through a cell which contains a target gas at low pressure

velocity components perpendicular to the trap axis. Time- (-0.2 mTorr) to ensure single collision conditions. The second

resolved measurements result in absolute differential cross longer octopole is 19.63 cm long and guides both the primary

sections with full collection efficiency at large scattering and the scattered ions through a low pressure region for the
angles [14, 15], thereby overcoming many drawbacks of time-of-flight (TOF) analysis. We have replaced the extraction
crossed beam experiments. The GIB-TOF methodology ion optics and quadrupole mass filter used in traditional GIB
pays a significant penalty in angular resolution, particularly experiments [12, 19] with an on-axis, large aperture electron
at low scattering angles. This weakness is mitigated by multiplier at the exit of the guide. This experiment does
deriving differential cross sections from the experimental data not require a mass filter since primary and scattered ions,
using a deconvolution approach based on determining the apart from a minor channel due to asymmetric charge-transfer
effective scattering potential that reproduces the observed products in Xe 2 +Xe collisions, have the same mass-to-charge
measurements at multiple collision energies. ratio. Coupling of a mass filter to the second octopole leads to

Our approach is first validated by comparing the losses of ions with large transverse velocity components [20]
experimental scattering distributions at selected collision in the extraction optics. This configuration without mass
energies obtained for the Xe+ + Xe system with calculated filter ensures that all scattered ions, in particular large-angle
distributions based on elastic differential cross sections scattered ions with large transverse components, are efficiently
determined from the most recent spin-orbit free ab initio collected and detected.
interaction potentials by Paidarova and Gadea [16]. An The experiment is operated in a pulsed TOF mode, and the
effective potential is then derived from corresponding primary and scattered ions are distinguished by their separate
scattering distributions observed for the Xe2+ + Xe system arrival times. The second octopole is biased -0.4 V below
at several energies. Ultimately, differential cross sections the first octopole to permit ions with very low laboratory
for the doubly charged system are calculated from the velocities to reach the detector. -100V is applied to a
derived potential for a typical Hall thruster acceleration cylindrical ring electrode surrounding the octopole at the

otisapr is o d as fentrance of the collision cell. This produces a small potentialThis paper is organized as follows: the experimental

approach is described briefly in section 2. The theory behind barrier of -100 mV within the octopole that reflects laboratory

the analysis of the present experiments is described in section 3, backscattered ions into the forward direction. To avoid
with particular emphasis on the complication due to symmetric background signals due to ions trapped for multiple repetition

charge exchange (SCX). Results for scattering of singly and periods, the rf voltage on the octopole is briefly switched off
doubly charged ions are presented and discussed in section 4. prior to each TOF period to purge slow residual ions formed

by previous ion pulses.
2. Experiment The acquired arrival time spectra are inverted to laboratory

velocity distributions, I(vp), where vp is the ion velocity

The apparatus used for the cross section measurements is component parallel to the beam and octopole axis. An rf
a modified version of an instrument described in detail frequency of -8.16 MHz is used and rf amplitudes are applied
previously [17,18]. Xenon ion beams are produced by electron to achieve effective potentials that ensure collection of ions
impact ionization of an effusive Xe gas source (99.999%, scattered at 90 in the centre-of-mass (CM) frame, where the
Spectra Gases). Nominal electron energies of 18 and 40 eV highest transverse velocities are expected.
are applied for the formation of Xe and Xe 2 , respectively. Under single collision conditions, the absolute differential
The Xe*/Xe 2  primary ion beam has a -0.2eV per charge cross section in the GIB-TOF frame of reference can be
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expressed as I A

dvP lonl ),/ U,

where AvP is the velocity bin width and 10 is the primary ion -- -,
X e /X e2 , intensity, -u

10 = f 1 (vp) dvp, (2) LAITHRUSTER C M v(Xelxe2)

n is the number density of the neutral Xe target and I is the v'(SCX) ,,> uSCX)

effective length of the primary ion-neutral interaction region. ',, UISCX)
The latter is calibrated using the well-known reaction [211 V(SCX),

Ar + + D2 - ArD + + D (3)
Figure 2. Newton diagram for elastic scattering in symmetric

that is characterized by strong forward scattering of reaction ion-atom collisions. v is the laboratory ion velocity, V' is the
products and is thus minimally affected by discrimination in the laboratory scattered ion velocity, v'(SCX) is the laboratory scattered
collection optics. The calibration measurements were carried ion velocity of charge exchange ions and u' and u'(SCX) are the

corresponding scattered CM velocities. The inserted diagram at theout in the conventional experimental setup including extraction top left defines the impact parameter, b, and laboratory scattering
optics and a quadrupole mass filter prior to ion detection [ 17]. angle of an ion-atom collision.
The uncertainty of the cross sections is estimated to be ±30%.
The cross sections are corrected with respect to background figure 2). Consequently, at significant scattering angles, the
gas contributions by subtracting cross sections obtained when SCX probability averages to a value of 0.5 at the experimental
the target gas is diverted directly into the vacuum chamber resolution. Large-angle scattered ions thus have significant
without passage through the cell. contributions from both direct and SCX ions.

This experiment needs to ensure that the rf amplitude The differential cross sections, da(OCM)/dQcM, where
applied to the octopole is sufficient to confine the maximum 0 = ECMI, 0 < 0 < 7r, and d2cm = 2r sin ecMdocM,
transverse velocity component, v, of scattered ions. The can, therefore, be calculated in two steps: calculation of
effective confinement field generated by the rf voltage on elastic scattering differential cross sections from the deflection
the octopole rods is calibrated using a previously reported function, 9cM(b), followed by the calculation of Pscx(b) and
approach [13]. The resolution with respect to the transverse the associated angular transformation to derive ion-specific
translational energy component is -0.2 eV. differential cross sections that incorporate charge exchange.

This process has been discussed in previous work [7], and will
3. Analysis be summarized briefly with particular attention to the second

step that has to be conducted at a higher level of precision
3.1. Absolute elastic scattering differential cross sections of to properly scale calculated TOF velocity distributions based
SCX systems on the determined differential cross sections. The deflection

angle caused by an ion-atom interaction potential, V (R), at a
SCX is an elastic process (no translational energy transfer). CM collision energy, Er, is determined from [22]
Due to high SCX cross sections, it is crucial to include SCX 0" dR
effects in the Xe* + Xe and Xe 2+ + Xe elastic scattering 9CM, (Er, b) = 7r - 2b f4 R2[ 1 -b2/R2 - Vi(R)IET]112 '

angular distributions. Elastic scattering of SCX systems is [4)

best understood by examining the Newton scattering diagram (4)
in figure 2. In symmetric ion-atom systems, the CM velocity where R is the interatomic distance and R0 is the turning point
is half the laboratory ion velocity, v(Xe+/Xe2*). The diagram or closest point of approach of the trajectory. The differential
indicates two scattering possibilities, one producing maximum cross section associated with potential V (R) at an energy of

transverse velocities at a CM scattering angle, OcM = 900, ET is then obtained from

and one at 1cm - 300. The corresponding laboratory (lab) dai(GcM,, ET) bj
scattering angle, OLAB = O cm, is also indicated for the acute s
angle. The scattered velocity vectors are referred to as primed
u and v vectors in the CM and lab frames, respectively. where bj are the impact parameters associated with the

At acute angles, SCX causes the ion to be backscattered in corresponding scattering angle. Except for scattering angles
the CM frame, and the ion scattering angle becomes 7r - Ocm. associated with turning points in the vicinity of potential wells
At Ocm = 90', the absolute scattering angles of the ion and where there are three bj values, there is only one bj value to
atom are the same. In the present singly and doubly charged consider for each scattering angle. The total differential cross
SCX systems, the SCX probabilities, Pscx(b), are such that section is then obtained from
they become oscillatory, varying between 0 and I below do (Ocm, E) di(cm, E)
collision impact parameters, b, corresponding to scattering di 1 (6)
angles of the order of V at the collision energies of interest (see dQCiM" Mcm

3
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3 ........... where i?u'g are the elastic scattering phase shifts for scattering
by the respective potentials at the specified impact parameter.

2 Standard methods can be applied for the calculation of
Pscx (b). They are based on the electronic coupling or

>exchange energy, which is given by AV(R) = Vg(R) -
1 Vu(R) [24]. Since the potentials for Xe2+ are not known, an

approximate approach is necessary to estimate the electronic
Xe+(2P) + Xe coupling for the doubly charged collision system. We have=0

U 2 determined [23] that an expression derived from polarization
t perturbation theory [25],
-8

AV(R) = -ER exp(-al R), (10)
e

-2 L 

e

2 3 4 5 6 7 8 reproduces experimental SCX cross sections for Xe 2+ + Xe
R (A) when the ionization energy, EI, is chosen to be the energy to

remove two electrons from a Xe atom. The coupling parameter
Figure 3. Spin-orbit free interaction potentials, calculated by in the exponent is given by al = (2EI) 1/ 2. The integral charge
Paidarova and Gadea [ 16], between the ground states of Xe+ and Xe. exchange cross section, scx is given by

where di are the statistical weights of the potential, V (R), asc = 27r Pscx (b)bdb. (11)
accessed by the colliding atom and ion. For Xe+ +Xe collisions, Jo
the four spin-orbit free potentials, 2E, 2 Eg, 2 nu1 and 2Fig,
calculated by Paidarova and Gadea [16], are considered. 3.2. Deriving the effective Xe 2+ + Xe interaction potential
These potentials with statistical weights 1/6, 1/6, 1/3 and 1/3, The objective of this work is to derive an effective
respectively, are shown in figure 3. We have verified that using p oe ti o th iffer k scttering exp ei e
the full spin-orbit potentials derived from these potentials potential from the differential scattering experiments by
assuming that the spin-orbit coupling constant is independent fitting parameters of functional form (7) to reproduce the
of the interatomic distance, R, does not significantly change experimental data at several collision energies. Simulated TOF
the scattering results when a statistical population of the two spectra, I (vi), are obtained by calculating the kinematically
lowest 2P3/ 2 and 2p]/ 2 atomic spin-orbit states of Xe' is broadened distributions by convoluting the differential cross

assumed. Since the electronic coupling between the gerade sections with the appropriate Jacobians using a previously

(g) and the ungerade (u) states of the same symmetry causes reported approach [19, 26]. While the experimental
between them, the differential cross sections distributions are put on an absolute scale through equation (1),rapid hopping thetsimuationsmaetnormaizedewittrespecrtostheecticros

are calculated using Morse potential fits to the averaged u, g the simulations are normalized with respect to the SCX cross

pairs. The potentials for Xe 2 +Xe have not yet been calculated section as obtained from the angle integration of the differential

using ab initio quantum chemical methods. For fitting to the cross sections used for the simulation. Since most of the SCX

experimental data, a combination potential, Morse-repulsive, scattering occurs at ion scattering angles near r, the SCX cross

is assumed: section can be approximated by (see figure 2):

V(R) = a, (e" (a3- R) - 2e2(a3- R)) + (a4 + a5 /R)e - "6R, (7) 2sim = 2 f (daon (OcM))sin CMdOcm. (12)s:x n'2 dQcm /

where aI, a2, a3 are Morse potential function-like parameters,
and a4, a5, a6 are parameters representing a repulsive potential This cross section should be equal to that obtained from
functional form. equations (9)-(l 1). Since SCX scattering is dominated

The effect of charge exchange is added to derive the by scattering near the singularity OCm = 7r, minor
differential cross section specific to ions by conducting the differences can arise between the angle and impact parameter
following transformation: integrated approaches due to integration inaccuracies. Using

equation (12) ensures that the simulation is scaled properly
-- { 1 - PsCxd((M)}) with respect to the absolute differential cross sections and not

dsCM d2cM the expected, more accurate SCX cross section obtained with

da (7r - OCM) equation (11). The simulations are then converted to absolute
+ PsC (OCM) ffcMi (8) differential cross sections using the expression

where PSCX(OcM) is the angle-dependent SCX probability. dorSIm
(vp) /xsim() )

s i
_ p scx(13)

Through the deflection function, Pscx(OcM) is related to dvP focM Isim (vp) dv(p1
Pscx(b), which is given by [8,23]

The integration in the denominator provides the approximate
Pscx (b) = Zdi sin2 (,7F - u), (9) SCX signal, where the signal at vp = 0 and vCm, the CM

velocity of the collision system, corresponds to scattering at

4
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Figure 4. (a) Velocity inverted TOF distributions of Xe + Xe Figure 5. Velocity inverted TOF distributions (solid circles) for
collisions at an ion energy of 5 eV. The two distributions were Xe + Xe collisions at laboratory ion energies per charge of 5, 10, 15
recorded at two rf amplitudes corresponding to confinement fields and 20eV. The solid lines are calculated distributions based on
with maximum transmitted transverse velocities of 2402 and elastic scattering by the potentials reported by Paidarova and
305 m s-'. (b) Vertically expanded view of TOF distributions at Gadea [16].
several rf amplitudes with corresponding indicated maximum
transmitted transverse velocities. The vertical dashed line in both
charts corresponds to the CM velocity. (< 1000 m s- ) are primarily attributable to charge exchange.

At the low confinement field, the overall ion transmission is
reduced and no signal due to ions scattered at large angles

= r and r/2, respectively, provided inelastic scattering appearing in the vicinity of the CM velocity is observed. The
is negligible the comparison with measurements requires measurement at the high confinement field transmits ions at all
scaling of the unscattered' (cM = 0) ion intensity. This scattering angles, and signal is clearly observable at all axial
is accomplished by adjusting the differential cross section at velocities between 0 and 2710 m s- . This is consistent with
the lowest specified angle so that the 'unscattered' intensity elastic scattering, for which the maximum transverse velocity
compares with that of the experiment. The angle grid is chosen corresponding to 0cm = 90' is 1355 ms- at ET = 2.5 eV.
such that Pscx = 0 for the smallest angles. Figure 4(b) shows an expanded view of a series of TOF

The differential cross sections for Xe2+ + Xe collisions are velocity distributions with confinement fields corresponding
obtained by adjusting the potential parameters of equation (7) to the maximum transmitted transverse velocities of 2402,
to provide the best fit of the experimental TOF distributions 2029, 1403, 1096, 711 and 305 m s-. There is no difference
at all investigated ion energies, in particular the signal in the between the distributions with the highest confinement
vicinity of vCM. fields, corresponding to the maximum transmitted transverse

velocities of 2402 and 2029ms-1, indicating that full

4. Results and discussion transmission of the 900 CM scattered ions occurs at both
respective confinement potentials. The signal at vCM is

4.1. Differential cross sections reduced by -1/2 at a confinement field corresponding to
a maximum transmitted transverse velocity of 1403ms-1 .

Figure 4(a) shows velocity inverted TOF measurements, I (v), This corresponds to a transverse kinetic energy of 1.34eV
for Xe' + Xe collisions at a laboratory ion energy of 5 eV. which, within experimental uncertainties, is in good agreement
Two measurements are shown that were recorded at a high with the elastic maximum transverse ion energy of 1.25 eV.
and a low confinement field corresponding to a maximum Figure 5 compares experimental and simulated axial
transmitted transverse velocity, v, of 2402 m s- (solid) and velocity distributions for Xe'+Xe collisions at lab ion energies,
305 m s-1 (dashed), respectively. The two distributions are E/q, of 5, 10, 15 and 20eV. The velocity distributions are
put on the same absolute vertical scale by ensuring that plotted on a logarithmic scale in order to expand the weak
the total integrated intensity corresponds to the transmitted signals at larger scattering angles, corresponding to the signal
ion current at the corresponding rf amplitude. The vertical in the vicinity of vcM. The charge exchange and primary
dashed lines indicate the CM velocity, vcM, of the collision ion peaks of the experimental velocity distributions (symbols)
system. The axial velocities of the primary ions peak at appear slightly broader than the simulated bands (line). At
-2710 m s- and the second peak at near-thermal velocities near-thermal velocities, the shift of the experimental peak

5
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Table 1. Morse potential parameters used for the calculation of Xel* + Xe
differential scattering cross sections of the Xe+ + Xe system, where 103 1 . 1 .1 P M,1- 1..

V(R) = D, (eb(' - ' - 2eb(.R)) The potentials are the averagedE 5e0" C 102
10 EII e - ptcllin

(u, g) pairs of potentials reported by Paidarova and Gadea [16]. All 10'
parameters are listed in atomic units. 1.' ' " 10,

(u, g) pair D. b r. k- ',

E 0.00585 0.645 7.476
1 0.00487 0.677 7.570 Ia,

0 1 2 3 4 5 0 2 4 6 8 10
lop I I I , . .

Xe'+Xe E/Er 10 eV Elcp
= 

30 eVXe*+x +. Xe ,;.1lo
lo oll CA P W,I1...I ... , ;., ;! cM

10ll lol lot0.hQ 10 i OlI

10 10l10o 1/_,,- 5 V Etq 15 eV

• 0' 1101 -0- - wAMOL SCX 10V
"lh 010.0-

1 10' - -1 -
0

103 010 031 2 4 6 0 2 4 6 8 10 12 14
10' s 11,10
100 EJq=lOeV15 eV i FOl= 40 @V

10 1-
10 10
10,10 I

=  
•

10, 1/q 10' 
.. ....-.f =20

1W 0' 0 2 4 6 8 0 2 4 6 8 10 12 14 16

10' 1 _ __ _ _ _ __ _ _ __ _ _102 3n0 
Laboratory Velocity. v,(103 m/s)

10 101

10
0
I Figure 7. Velocity inverted TOF distributions (solid circles) for

__..........,I_ I ,-_ I I I I I Xe 2 +Xe collisions at laboratory ion energies per charge of 5, 10,
0 30 60 90 120 150 180 0 30 60 90 120 150 180 15, 20, 30 and 40eV. The solid lines are distributions based on

CM Scattering Angle (degree) elastic scattering by a combination potential (equation (7)) that
provides the best agreement with experiment (parameters in table 2).

Figure 6. Absolute elastic scattering differential cross sections for
Xe' + Xe collisions calculated using the potentials by Paidarova and of potential parameters, a,-a 6, that provide the best agreement
Gadea [16] with (solid lines) and without (dashed lines) charge
exchange. between the experimental and the simulated distributions. In

the vicinity of VCM, the simulated distributions agree well with

towards higher velocities can be considered an experimental the experimental distributions for all collision energies. A
artefact caused by a small potential barrier applied at the small shoulder on the high-velocity side ofthe primary ion peakarteactcaued b a mal poentil brrir aplie atthe is seen in the experimental distributions at ion energies at and
entrance of the collision cell using a cylindrical electrode 0 eV S the nt ostri c a rge excan

surrounding the ion guide. The penetration potential barrier le ing to Cnel odus,me c exisand

reflects slow, laboratory backscattered ions, thereby ensuring leading to Coulomb channel products, Xe' + Xet , is around

detection. The simulation and experimental distributions are I0eV, we attribute the shoulder to the asymmetric charge

put on the same vertical scale using the procedure described exchange channel which is expected to produce products

in section 3. Near vCM, the simulated and experimental with translational energies exceeding that of the reactants.

velocity distributions agree well within the uncertainties of Table 3 lists SCX integral cross sections calculated using
the impact parameter model (equation (11)) for all collision

the experiment, thus validating both the present approach as

well as the theoretical potentials. Table 1 lists the parameters energies investigated experimentally. They are consistent with

of Morse potential fits to the averaged u, g pairs of the Xe' previously reported experimental values [23].

interaction potential by Paidarova and Gadea [16].
Figure 6 plots the calculated differential cross sections as 4.2. Effective scattering potentials

a function of CM scattering angles for lab ion energies E/q
of 5, 10, 15 and 20eV, respectively. Differential cross section Figure 9 plots the effective Xe 2++Xe interaction potential,
calculations are shown including (solid line) and excluding V* (R), used in the simulations along with the averaged
(dashed line) charge exchange. The ripple in the SCX results effective potential of the Xe + Xe interaction, V (R), for

stems from the oscillatory charge exchange probabilities a statistical distribution of spin-orbit states, derived from the
Figure 7 compares the experimental and simulated axial work of Paidarova and Gadea. Also plotted in figure 9 are

velocity distributions for the Xe2+ + Xe system at lab ion the Coulomb potentials associated with Xe+( 2Pj) + Xe ('PI),

energies E/q of 5, 10, 15,20, 30 and 40eV. Figure 8 shows the and the long-range polarization potential of Xe2+ + Xe, V+o,
calculated differential cross sections with and without SCX as a given by
function of CM scattering angle. Table 2 lists the combinations V+ (R) = q2ce,/2R 4, (14)

6
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Xe + Xe Table 3. SCX cross sections calculated using the impact parameter
S approach (equation (11)) without the inclusion of spin-orbit

L , v 1 26V107 coupling.

104 -E/q (eV) (Yscx(A 2) Xe* + Xe rSCX(A 2) Xe2 
+ XeOR4 102m. sc

10' 1 5 81.81 26.68
101

at 10 76.75 24.85
100 15 73.89 23.87

1 3 4 20 71.89 23.14
30 60 90 120 150 180 0 30 60 90 120 150 180 30 66.81 22.10

02 I '1'l' 1' 11 : I I I II 'I 40 64.98 21.40

10'10f0eV Pe 270 54.90 17.07, 105 t=1 V10 / 0e

•o103 0 0

10, 10

030 60 90 12190160 0 30 60 90 2160le 8 EI.vV4(R)02 0

103 1013102O

030 60 90 120 15D 180 0 30 60 90 120 150 180 8 6 0 R

102 02

10' 10'

010102 lot
102 C'C

Figure 8. Absolute elastic scattering differential cross sections for 1 2 3 4 5 6 7 8
Xe2* + Xe collisions calculated with the combination potential R(A
(equation (7), parameters in table 2) including (solid lines) and not
including (dashed lines) charge exchange. Figure 9. Effective scattering potentials for Xe* + Xe and Xe2* + Xe

collisions on an energy scale given by the recombination energies of
Table 2. Combination potential parameters (equation (7)) resulting the respective ions. The Xe 2*+Xe long-range polarization (Vp ) and
in the best fit of the experimental differential cross section data of Coulomb potentials of the lowest spin-orbit states are also shown.
the Xe2. + Xe collision system. a1, a2, a3 are Morse potential
function-like parameters, and a4, a5, a6 are parameters representing
a repulsive potential function form. All parameters are listed in Table 4. Scattering turning points at 6cM = 90' for the Xe 2' + Xe
atomic units. system and associated potential energies with respect to the

Xe2+ + Xe asymptotic limit.

a, a2  a3  a4  a5  a6

0.006 0.272 11!.40 1500 0 3.737 E/q (eV) Turning point, R0 (A ) V(Ro) (eV)
5 2.681 3.29

10 2.300 5.35

where q is the atomic charge and D' is the dipole polarizability 15 2.113 6.74
of Xe (4.044A 3) [27]. The derived potential for doubly 30 1.876 9.01

0~3 1.87 6099.01010 0306 012 5 8

charged ion scattering is seen to be almost parallel with 40 1.806 9.83

the Coulomb potentials between 3 and 42 , above which 270 1.607 12.74

it becomes more repulsive. The polarization and Coulomb
potentials cross in the vicinity of 3 A, which can be regarded

as an interatomic distance where the electronic coupling In order to demonstrate what region of the Xe2 + + Xe

is strong [28]. The derived potential is consistent with a effective potential is relevant with respect to large-angle

potential corresponding to an adiabatic passage through the scattering, we list in table 4 the classical trajectory turning

curve crossings associated with asymmetric charge-transfer points associated with CM scattering angles of 900 for the
transitions. In this interpretation, the potential for R <d 2.5 A investigated ion energies and an ion energy of 270 V per

mimics the short-range Xea( 2P,a)+Xe+(2pM) potentials, which charge unit. The latter is the quoted peak ion energy

become more repulsive than the pure Coulomb potential at observed for a Hall thruster operated at a typical acceleration

short R due to the additional electron-electron repulsion. The voltage of 300 V [10. The table demonstrates that there

steep repulsive part of the derived potential, Va(R), is also is only a minor displacement of the turning point between

seen to be at significantly shorter distances than the effective E/q = 40eV, the hghest experimental energy allowing

potential, V(R), for scattering of singly charged ions, as reliable trapping of scattered ions, and E/q = 270eV.

expected given the lower differential cross sections at large Thus, the trajectories causing large-angle scattering at ion

angles in the case of the Xe2  + Xe system. energies per charge between 40 and 270 eV sample a similar

it bcoms mre epulive Th poariztio an Colo 7
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region of the interaction potential. Consequently, the present 10'.....I....
derivation of the Xe 2  + Xe effective potential should allow - 0+ 6 E V
reasonably accurate differential cross section predictions for 10' - XW + X8
ions accelerated by a 300 V discharge voltage in a HET. Table 4 10
also lists the potential energies referenced with respect to
infinitely separated Xe 2  + Xe (asymptotic limit). 102

4.3. Effect of Xe 2
+ on sputtering yields 10'

The ultimate goal of this work is to quantify sputtering currents 10'
due to elastically scattered singly and doubly charged xenon
ions. Assuming a uniform axial exhaust current, the sputtering 10,1 2D 30 40 50 00 10 20 30 40 50 60 70 80 90
flux, F, at a particular surface off the thrust axis is given by laorwory SmthrkV Argle Degree)

f lo(x)n(x)x dx, Figure 10. Laboratory differential cross sections for Xe* + Xe and
F = fo W r2 (OLAB) x,15 Xe2 + Xe elastic scattering at 270eV ion energy per unit charge.

where io(x) is the ion current at position x with respect to the is safe to assume that the charge state of the sputtering ion is
thruster exit plane, n (x) is the neutral xenon atom density at only relevant in terms of the kinetic energy of the incident ion,
x, r is the x-dependent distance to the sputtered surface and EiBonLAB), which scales with the ion charge and depends on
( (OLAB) is the differential cross section in the laboratory frame the elastic scattering angle (see figure 2):

of reference:

idUi.n(OLA) dion (Ocm) 2 2 V2=(cLAB) -- = 4COS(OLAB) d (16) ELA B) 2 2LABcOLABd 2LAB d 2 cm

OLAB also depends on x; however, at significant r, the range = ELAB COS2 OLAB, (18)
of scattering angles associated with significant currents can be
expected to be small given the rapid drop in neutral density and wheretwe is the reduced mass of the collision system. The ratio,
differential cross section with x and the associated increase in 'I, between sputtering yields of doubly and singly charged ions
the LAB scattering angle. is then given by

The presently derived potential permits the calculation I (Xe 2 )Y(2E+AB) (I -t)'+ v Y( 2 EAB)
and comparison of differential cross sections for both charge 'L' 

2 (Xe)Y(EAB) _ 2Lt vY(EjAB)

states at ion energies corresponding to a typical Hall thruster

discharge voltage of 300 V. It has been shown experimentally - (I - £) Y( 2 ELtAB) (19)
that effective acceleration voltage for ions observed in the 22at +Y(EAB) (
plume of a Hall thruster is approximately 30V below the whereY(E' )isthesputteringyieldattheincidentionkineti c
nominal acceleration voltage [10]. We, therefore, conduct wienergy for a singly charged ion, and where E*+ B =2E'.B
calculations for unscattered ion energies of 270eV per unit enegy for a s cre ionAB* and whereaeth
charge. To make the differential scattering cross sections more I (X e rethe rsection currts, sg and doubty

useful to users we eliminate the SCX oscillations by applying LAB differential cross sections for the singly and doubly

the approximation for angles above a critical angle, 0cm > 0,: charged ions, v and v' = 2'/ 2 v are the respective ion
velocities and a is the positive charge fraction attributable to

dcxi°n(OcM) 0.5(cM) + 0.5 - OcM) (17) singly charged ions.

d 2 cM d2cM dQcM A number of studies have investigated xenon ion
where 0, is the angle associated with the impact parameter sputtering yields for several materials [29-35]. The most
where Pcx(b) becomes highly oscillatory at shorter impact commonly studied material has been molybdenum (Mo), the
parameters. The critical angles are very small at 270 eV/unit material for ion thruster acceleration grids. The results focus
charge, approximately 10 and 3' for the singly and doubly primarily on normal incidence and energies exceeding 200 eV.
charged systems, respectively, and equation (17) does not, Doerner et al recently conducted the first sputtering yield
therefore, affect the results at the large scattering angles of measurements at energies below 200eV [29]. There is poor
interest. The lab differential cross sections computed for agreement between the various studies, the highest energy
E/q = 270 eV by this approach are shown in figure 10. From values of Doerner et al being an order of magnitude lower
the figure it is seen that the ratio between the differential cross than the lowest-energy results reported by Zaim [31], for
sections of doubly and singly charged ions at large angles is example. Zalm successfully applied a model by Sigmund [36]
approximately 0.32. to reproduce the relative energy dependence of experimental

The present cross sections permit an assessment whether yields above 200eV. Yamamura and Tawara published data
elastically scattered doubly charged ions in Hall thruster for a large number of ions with normal incidence on
plasmas contribute significantly to material erosion, and, elemental solids and derived an improved expression for
therefore, must be considered when modelling the impact of energy dependence of absolute yields that generally resulted
the thruster plasma on sensitive surfaces of the spacecraft. It in values in good agreement with observations [35]. Their

8
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Table 5. Molybdenum sputtering yields due to elastically scattered xenon ions with 270eV per unit charge kinetic energy. E'Aa is the
laboratory or spacecraft frame energy of the ion scattered at a laboratory angle, 0t6AB. C and C' are the laboratory differential cross sections
for Xe* and Xe 2 scattering, respectively. Y(E+ B) is the experimentally reported normal incidence sputtering yield. 41 is the fraction of
sputtering caused by doubly charged ions assuming a singly charged ion charge ratio, a = 0.8.

Doemer et al [29] Yamamura and Tawara [35]
6LAa EL+AB 4, (++ Y(E+,) Y(E- 3 ) Y(E'.a ) Y(E- 3 )

(deg) (eV) (A2/sr) (A2/sr) (atoms/ion) (atoms/ion) %P (atoms/ion) (atoms/ion) %P

0 270.0 - - 0.151 0.332 0.390 0.294 0.678 0.408
5 267.9 70.75 24.50 0.149 0.329 0.135 0.290 0.673 0.142

10 261.9 17.47 4.68 0.145 0.322 0.105 0.281 0.658 0.111
15 251.9 7.84 2.04 0.137 0.309 0.104 0.265 0.632 0.110
20 238.4 4.48 1.22 0.128 0.292 0.110 0.244 0.596 0.117
25 221.8 2.95 0.86 0.115 0.271 0.120 0.217 0.550 0.130
30 202.5 2.15 0.66 0.101 0.245 0.132 0.186 0.496 0.146
35 181.2 1.71 0.55 0.085 0.216 0.144 0.152 0.435 0.163
40 158.4 1.47 0.48 0.069 0.184 0.155 0.116 0.366 0.183
45 135.0 1.35 0.44 0.052 0.151 0.169 0.008 0.294 0.213
50 111.6 1.33 0.43 0.036 0.116 0.185 0.0476 0.219 0.261
55 88.8 1.40 0.43 0.021 0.083 0.210 0.0212 0.146 0.377
60 67.5 1.59 0.46 0.010 0.052 0.257 4.67 x 10-3  0.080 0.885
65 48.2 1.95 0.53 3.46 x 10- 3  0.026 0.363
70 31.6 2.64 0.69 4.88 x 10-4  0.006 0.599
75 18.1 4.24 1.13 7.46 x 10-6 8.90 X 10-4  5.603

formula produces sputtering yields that are approximately a and declining ion energy, primarily due to the increasing
factor of 2 higher than the yields measured by Doemer et al. ratio, Y( 2 E nA)/ Y(E+AB), with decreasing incident energy

Table 5 compares values of %P calculated with per charge. This is more pronounced for the Yamamura and
equation (19) and using yields obtained from a model fit to Tawara model that determines a significantly higher threshold
sputtering data by Doerner et al and the model of Yamamura of 46.8 eV. Above 600, the Yamamura and Tawara data predict
and Tawara for xenon ion scattering on molybdenum assuming that sputtering is dominated by the doubly charged ions.
normal incidence and ion energy of 270 eV per unit charge and Therefore, if the sputtering energy dependence reported by
a typical singly charged ion charge fraction [10, 37], a = 0.8. Doerner et al applies to most materials, doubly charged ions
The values are listed as a function of the LAB elastic scattering should play an important role for surfaces that are eroded due
angle. At OLAB = 0' corresponding to sputtering by the to very large-angle scattering. Note that at these large angles,
unscattered currents, the differential cross section is ill-defined most of the scattering is due to charge exchange ions.
and 4' is calculated by setting +/ ++ = I in equation (19). Hall thruster insulator erosion in the discharge channel
Satisfactory fits to the sputtering yield data of Doemer et al may determine the lifetime of the engine. The most commonly
were obtained by applying an empirical threshold function at used insulator material is boron nitride. Sputtering yields for
ion energies below 45 eV: Xe ion beams impinging on boron nitride surfaces have been

A(Eon - Eth) reported at ion energies above 200eV [32,33,38-40]. The
L AEBAB)-Eh (20) sputtering yields on boron nitride are found to increase by a

factor of -1.5 when the Xe ion kinetic energy is increased
A = 20.25 x 10-7  n = 3.134 Eth = 14.27 eV; from 270 to 540eV at normal incidence [32,38]. Assuming

where A and n are a scaling parameter and a curvature a = 0.8, the present large-angle differential cross sections

parameter, respectively, and Eth signifies the sputtering indicate that only -8% of observed boron nitride sputtering

threshold. At higher energies, the third order logarithmic can be attributed to doubly charged ions. It can be assumed
expression provided a quality fit: that in the discharge channel smaller LAB scattering angles and

higher ion sputtering energies produce the highest sputtering
Y(ELA) = -0.4567 + 0L B)) yields, depending on the length of the channel. Gamier et al

[39] studied the sputtering yields as a function of incident
+0.0l25(ln(ELAB)) 3 . (21) angle and found that although the sputtering yields decline

Table 5 demonstrates that at scattering angles below 400, with increasing angles with respect to normal incidence, the
corresponding to scattered ion energies between 158 and shapes of the angular dependence of the sputtering yields do
270 eV per unit charge, for both sputtering yield data sets, the not change dramatically with incident energy. At the present
sputtering ratio, %P, between doubly and singly charged ions state of knowledge on Xe ion sputtering of boron nitride, it
remains nearly constant between 0.1 and -0.18. For sputtering appears that elastically scattered doubly charged ions do not
due to higher scattering angles, however, the contribution cause significant erosion in comparison with the main singly
due to doubly charged ions increases rapidly with angle charged ions.
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5. Conclusions [10] King L B and Gallimore A D 2000 J. Propul. Power 16 1086
[11] Jones P R, Conklin G M, Lorents D C and Olson R E 1974

We present GIB-TOF measurements of absolute differential Phys. Rev. A 10 102
[121 Teloy E and Gerlich D 1974 Chem. Phys. 4 417

scattering cross sections, do'(vp)/dvp, for the symmetric [13] Gerlich D 1992 State-Selected and State-to-State
Xe'/Xe2  + Xe ion-atom collision systems at several collision Ion-Molecule Reaction Dynamics: 1. Experiment (Advances
energies. The Xe* + Xe differential cross sections are in good in Chemical Physics vol 82) ed C Y Ng and M Baer
agreement with absolute differential cross sections determined (New York: Wiley)
using classical elastic scattering calculations based on the most [14] Chiu Y, Fu H, Huang J and Anderson S L 1995 J. Chem. Phys.

115 1228recent potentials by Paidarova and Gadea. The experimental [15] Mark S and Gerlich D 1996 Chem. Phys. 209 235
differential scattering measurements are used to derive an [16] Paidarova I and Gadea F X 2001 Chem. Phys. 274 1
effective interaction potential for the Xe 2  + Xe system. The [17] Dressier R A, Salter R H and Murad E 1993 J. Chem. Phys.
derived potentials are used to calculate absolute differential 99 1159
cross sections, do (0CM)/dQCM, at an ion energy of 270 eV per [18] Scott T C, Babb J F, Dalgarno A and Morgan J D 1993

unit charge, typical for plume ions of a 300 V Hall thruster. J. Chem. Phys. 992841
[19] Gerlich D 1989 J. Chem. Phys. 90 127

For large CM scattering angles near 900, the differential cross [20] Williams S, Chiu Y, Levandier D J and Dressler R A 1998
sections of the doubly charged system are approximately a J. Chem. Phys. 109 7450
factor of 3 smaller than those of the Xe' + Xe system. The [21] Ervin K M and Armentrout P B 1985 J Chem. Phys. 83 166
differential cross sections can be applied to estimate erosion [22] Child M 1974 Molecular Collision Theory (London:

Academic)
yields attributable to doubly charged ions. Using recent [3Mie inr

[23] Miller J S, Pullins S H, Levandier D J, Chiu Y and
low-energy Xe'-Mo sputtering data by Doerner et al, and a Dressier R A 2002 J. Appl. Phys. 91 984
model based on compiled data by Yamamura and Tawara, and [24] Pullins S H, Dressier R A, Torrents R and Gerlich D 2000
assuming 20% of positive charges are due to doubly charged Z. Phys. Chem. 214 1279
ions, it is seen that the sputtering contribution by doubly [25] Tang K T, Toennies J P and Yiu C L 1991 J. Chem. Phys.

94 7266charged ions does not exceed 20% for surfaces exposed to ions [26] Dressler R A and Murad E 1994 Unimolecular and bimolecular
scattered elastically at angles below 45'. For surfaces exposed ion-molecule reaction dynamics Ion Chemistry in the
to higher scattering angles, where the incident ion energy drops Spacecraft Environment ed C Y Ng et al (New York: Wiley)
below 150 eV per unit charge, the presently derived differential [27] Radzig A A and Smimov B M 1985 Reference Data on Atoms,
cross sections for doubly charged ions are needed to properly Molecules, and Ions. (Berlin: Springer)

[28] Olson R E, Smith FT and Bauer E 1971 Appl. Opt.predict material erosion due to Hall thruster plasma exposure. 10 1848
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